[1] Understanding the processes behind subduction-related hazards is an important responsibility and major challenge for the Earth sciences. Few areas demonstrate this as clearly as south-central Chile, where some of the largest earthquakes in human history have occurred. We present the first observation of local seismicity in the Villarrica region (39 -40 S), based on a temporary local network of 55 stations installed from the Chilean coast into the Argentinian back-arc for one year. While consistent with the Chilean national catalog (SSN), our results allow us to observe smaller magnitudes with a completeness of about 2.0 and image the geometry of the Wadati-Benioff Zone from the Chile Trench down to 200 km. Offshore, a gap in interplate seismicity is observed in the region of the 1960 Valdivia earthquake slip. Above the interface, two offshore seismicity clusters possibly indicate ongoing stress relaxation. In the subducting Nazca Plate, we find a prominent seismicity cluster along the extrapolated trace of the oceanic Valdivia Fracture Zone (VFZ). The seismicity cluster is observed between 70 and 130 km depth and comprises mainly strike-slip events. It indicates weakening and reactivation of the major VFZ by dehydration of oceanic crust and mantle. Interpreting the subducted VFZ section as a localized reservoir of potential fluid release offers an explanation for the Villarrica volcanic complex that is located above the reactivated VFZ and shows the highest volcanic activity in South America. Crustal seismicity is observed near Puyehue volcano, which recently started to erupt (June 2011).
Introduction
[2] Strong tsunami generating earthquakes belong to the most hazardous geodynamic processes occurring along the world's plate margins. The South-Central Chilean subduction zone is known for having produced some of the largest observed earthquakes -among them, the greatest instrumentally recorded earthquake, the 1960 Mw 9.5 Valdivia event [Barrientos and Ward, 1990; Cifuentes, 1989 ] -and has recently ruptured again during the 2010 Mv 8.8 Maule earthquake and aftershock sequence [Delouis et al., 2010] . In addition to a particularly high potential for large interseismic strain accumulation, this region is home to some of South America's most active volcanoes, Llaima and Villarrica [Stern, 2004] .
[3] The geometry and geophysical properties of this subduction system are well constrained north of 39 S and south of 41 S, but not in between, where the 1960 coseismic slip was greatest (between 39 S and 40 S). Although broad similarities with the north and south adjacent regions are observed, the region between 39 S and 40 S (but not between 40 S and 41 S) is found to be very different in geomorphology and gravity [Hackney et al., 2006; Rehak et al., 2008; Alasonati Tasarova, 2007] , and has been speculated to present a different stress regime. On the basis of the gravity measurements, it was hypothesized that plate coupling in this segment of the subduction zone is stronger than in the adjacent regions [Hackney et al., 2006] . Conversely, GPS measurements suggest that plate locking is reduced between the incoming Valdivia and Mocha fracture zones [Moreno et al., 2011] . This apparent controversy may actually be due to the different time scales considered: the gravity signature will be stable over geological times, whereas the GPS measurements look at the instantaneous locking. In any case, the marked contrast between this segment and the surrounding regions make it a key region for understanding subduction-related processes along this plate margin.
[4] This region has not been subject to regional seismological studies because it was believed to exhibit no significant seismic activity, due to the scarcity of local earthquakes registered in this region both by international networks (IRIS-NEIC, http://earthquake.usgs.gov/earthquakes/) and the Chilean National Seismological Service (SSN, http://ssn. dgf.uchile.cl/). However, while this region may actually be seismically quiet due to plate-locking at the interface following the last great earthquake [Hu et al., 2004; Khazaradze et al., 2002] , the observed lack of seismicity may also be artificially induced by station coverage. We here present results from a temporal local network of 55 stations installed between 39 S and 40 S, covering the area from the Chilean coast to the back-arc in Argentina.
[5] The main aims of the study are: first, to verify if the local and regional seismicity in this region is really subdued, which has important implications for seismic locking and strain buildup along the plate interface. Recently, Moreno et al. [2011] have suggested that the 1960 slip interface is locked and building up stress for the next large earthquake and also suggested that locking is only partial along the trace of the subducting Valdivia Fracture Zone. We test this hypothesis by investigating the local seismicity distribution along the 1960 slip interface. Second, we aim to resolve the deep structure of the Wadati-Benioff-Zone, which is unconstrained in this region because the international catalog data does not delineate a dipping slab even when considered over several decades. The intermediate depth seismicity along the Wadati-Benioff Zone is an important indicator for dehydration reactions of the subducting plate crust and mantle, which in turn feed the volcanic arc. Since the study region is home to one of the most active volcanoes of the Chilean Southern Volcanic Zone, a primary goal of our work is to investigate the dehydration of the downgoing slab and possible influences of the subducting fracture zones on fluid release and pathways. Third, the regional character of this study will allow us to determine the relevance of active fault zones geologically observed in the overriding plate and the activity of the volcanic centers.
Tectonic Framework and Previous Studies
[6] In the study region (Figure 1 ), the Nazca Plate subducts obliquely (77.5 ) beneath the South American Plate with a convergence velocity of 73.7 mm/yr [DeMets et al., 2010] . The downgoing slab is cut by several transform faults, the most prominent of which is the Valdivia Fracture Zone (VFZ) impinging on the trench at 40 S. The VFZ constitutes the boundary between $26 Ma oceanic crust produced at the East Pacific Rise and younger (18-20 Ma) crust produced at the Chile Rise in the south .
[7] As a result of oblique subduction, a large crustal forearc sliver has formed, bounded to the east by the Liquiñe-Ofqui Fault Zone (LOFZ), a 1100 km long trench-parallel slip system [Cembrano et al., 2000; Rosenau et al., 2006] . Together with a number of WNW-trending fault zones in the overriding plate (most prominently in this area, the Mocha-Villarrica Fault Zone, MVFZ ), this system of active faults is a major determinant for the position of the active volcanic centers [Cembrano and Lara, 2009] . [8] From a morphotectonic point of view, the overriding plate is segmented into three main units (from west to east): the Coastal Cordillera, Central Valley, and Main Cordillera, where the active volcanic arc is located [see, e.g., Charrier et al., 2007] . From surface geology observations, the Central Valley seems to be absent in the Villarrica region between 39 and 40 S. In addition to the atypical surface geology, this region is found to exhibit an unusual negative Bouguer gravity anomaly of 0 to À50 mGal, which contrasts with the positive anomalies found to either side of this region and along the rest of the margin [Hackney et al., 2006] . The boundaries of the anomalous Villarrica segment defined by Hackney et al. [2006] coincide to the north with the MVFZ, while to the south they occur along a parallel-trending line through the Puyehue-Cordón Caulle volcano group.
[9] Studies of the seismicity to the north (36 -39 S [Bohm et al., 2002; Haberland et al., 2006] ) of the study region identified the Wadati-Benioff Zone down to 120 km depth with a dip of 30 E. While observing some crustal seismicity in the northern part of their study area, they found almost no crustal seismicity in the southern sector. In the Chiloé region (41.5 -43.5 S), Lange et al. [2007] observed a 30 dipping Wadati-Benioff zone down to a depth of 70 km and crustal seismicity in several clusters associated with the volcanic arc. Table S1 ).
1 In addition, the Chilean National Seismological Service (SSN) provided continuous seismic recordings of station PUYE located 80 km south of our network and west of the volcanic complex of Puyehue-Cordón Caulle.
[11] In order to identify seismic events we applied an STA/LTA trigger algorithm, followed by a network trigger, to the continuous field records resulting in 2350 possible events (Table 1) . Based on this information, P-and S-wave onset times and amplitudes were then picked interactively using the SEISAN software package [Havskov and Ottemöller, 1999] . For 11 events between 38.5 S and 41.0 S travel time picks of SSN stations were available and added to the data basis as additional constraints for the determination of hypocenters. Most of these SSN stations are located north and at greater distances. The determination of hypocenters was performed in a two-step procedure of single event and double difference location.
Single Event Locations and Magnitude Completeness
[12] In the first step the events were located by applying a single event approach (computer program HYPOCENTER by Lienert et al. [1986 Lienert et al. [ ,1991 Lienert et al. [ ,1995 ) based on the optimum 1D velocity model of Haberland et al. [2006] (Table 2) . This model was originally determined for the region north of our investigation area (37 S to 39 S). However, test computations of a joint hypocenter-velocity inversion (computer program VELEST by Kissling et al. [1994] ftp://ftp.ingv.it/ pub/mario.anselmi/velest.pdf ) showed that it applies well to our field site, too. Indeed, optimum 1D velocity models computed for the new data did not show any improvement compared to the 1D-model of Haberland et al. [2006] which was, therefore, selected in order to remain regionally compatible. Station corrections were calculated from the altitude and the velocity of the uppermost layer.
[13] Based on single event locations we identified a total of 867 local and regional events of local magnitudes up to 4.4 at epicentral distances less than 500 km. 630 hypocenter locations of these were classified as "reliable" based on the criterion that they showed rms-residuals of less than 1 s. These events have a median rms-residual of 0.3 s (Figure 3 ). Figure 4 shows the spatial distribution of location errors corresponding to the rms-residuals. It shows both horizontal and vertical location errors based on single event locations computed with the program HYPOCENTER by Lienert et al. [1986 Lienert et al. [ , 1991 Lienert et al. [ , 1995 ). The maps were smoothed by computing and plotting medians in a moving window. Location errors of individual events can be identified by the color of the dots. The location errors are smaller than 5 km beneath the network and adjacent areas 50 km to the north and south (that is from 38.5 S to 40.5 S), and generally smaller than 10 km (with only few exceptions) between 38 S and 41 S.
[14] The magnitude-frequency relation of the events with reliable hypocenters in the area between 39 S and 40 S and between 74 W and 71 W is shown in Figure 5 . Local magnitudes ML were determined with the respective SEISAN module [Havskov and Ottemöller, 1999] . The Chilean seismic agency SSN reports local magnitudes to the International Seismological Center (ISC) since November 2001. The diagram ( Figure 5 ) shows that the statistics of the events recorded by our network agrees basically with the 8 years spanning catalog of SSN data. We find a small deviation in the a-value because no events of ML ≥ 4.5 occurred during the deployment time of our network. Figure 5 shows that our recordings are complete to a minimum magnitude of ca. 2. Single event locations are shown in Figure 6 .
Double Difference Location and Determination of Seismicity Clusters
[15] In a second step we applied the double difference location of Waldhauser and Ellsworth [2000] (computer program hypoDD by Waldhauser [2001] ) in order to improve the relative locations of the hypocenters and to identify spatial seismicity clusters. Only the catalog data (picked onsettimes and coordinates, no waveforms) of the 630 reliable events were used for input. The hypoDD algorithm allows to search for clustering within the input data. The clustering analysis is sensitive to the maximum separation between neighboring events. We limited the maximum separation of the hypocenters of event pairs to 15 km but applied no restriction to the allowed hypocenter-station distances. Using the least square (LSQR) solver option of hypoDD to identify spatial seismicity clusters, we found 16 major clusters which are stable for maximum separation parameters from $5 to $15 km. For a maximum separation parameter larger than 20 km the complete Wadati-Benioff-zone would be seen as one large cluster. For a maximum separation smaller $5 km the major clusters would be divided into several subclusters. Since the LSQR solver underestimates the location errors [Waldhauser, 2001] clusters of special interest were relocated separately using the singular value decomposition (SVD) solver of hypoDD.
[16] The double difference algorithm assigned $60% (358/630) of the input events to spatial clusters. About 2/3 of these clustered events (224/358) fall into the 16 biggest clusters that comprise a minimum of 6 events each. Nine of these bigger clusters (Figure 7 ) can be recognized directly in the hypocenter diagram based on the first single event locations ( Figure 6 ).
Results

Overall Seismicity
[17] Most of the earthquakes were observed between 38 S and 41 S (single event location Figure 6 ); outside this region the observations decrease rapidly. About 50% (302) of the events were located in the presumed seismically quiet zone between 39 S and 40 S where the seismic network had been deployed. About 2/3 of the remaining 50% of events were observed north of the network between 38 and 39 S indicating a decrease of seismic activity from North to South.
[18] During the same time period the USGS NEIC global catalog lists only 3 events. This is mainly due to the comparatively small magnitude of the events (<3.5 inside the Figure 3 . RMS travel time residuals after relocation for the 630 microseismic events used in this study. The median value is 0.3 s, the standard deviation is 0.147 s. network), which is below detection limit of the global networks. The magnitude of completeness for our temporal network is $2.0, compared with about 4.0 of the SSN catalog ( Figure 5 ). Despite the very different magnitude of observed events, the Gutenberg-Richter statistics of events from our network agrees well with the SSN observations ( Figure 5 ). The smaller magnitude of completeness allows us to present the first image of the Wadati-Benioff Zone seismicity and local seismic activity in the Villarrica region.
[19] The Wadati-Benioff zone is well delineated by the deeper seismicity down to a depth of almost 200 km ( Figure 6 , profiles P1-P3). The dip angle of the intermediatedepth events defining the Wadati-Benioff zone is approximately 15 down to 60 km depth and increases gradually to 45
at maximum depth. The plate interface is nearly void of events between $10 and 30 km depth where the maximum slip of the 1990 Mw9.5 Valdivia earthquake occurred. Seismicity is observed again at the shallow part of the plate interface near the trench where it is probably caused by bending-related faulting. The seismicity of the overriding continent (red dots east of the coastline, Figure 6 ) concentrates mainly along the volcanic arc and the coinciding Liquiñe-Ofqui Fault Zone and appears rather diffuse elsewhere.
[20] The cluster analysis inherent in the double difference location method revealed that about 60% of the observed events form groups with a hypocenter spacing of $15 km. Actually, 40% of all events are grouped in only a small number of major clusters. Therefore, we regard earthquake clustering as a characteristic of the Villarrica section of the subduction zone. The most evident major clusters are labeled A to H in Figures 6 and 7 and are described in the following.
Spatial Seismicity Clusters
[21] In the map and the vertical sections parallel and perpendicular to the trench (Figure 6 ) we observe major seismicity clusters in the deeper slab (A), near the trench (C, D), near the maximum slip of the 1960 earthquake (E, F) and in the overriding plate (G, H). These clusters, shown isolated from the background seismicity in Figure 7 , were selected for a separate more precise relative location with the double difference method and their differences to the single event location which are generally small. (Figures 8 and 9 ). 4.2.1. Valdivia Fault Zone Cluster (Clusters A and B)
[22] The earthquakes of clusters A and its subcluster B form a streak in the downgoing slab at a depth between 80 and 110 km (Figure 8 ). This streak extends within a 30 km wide band along the downdip extrapolation of the Valdivia Fault Zone (dashed lines in Figures 7 and 8 ). For the extrapolation we assumed that the VFZ continues along a straight line on the downgoing slab at the same azimuth as observed near the trench. The bending of the dashed VFZ line in Figures 7 and 8 is caused by the projection of the line from the bent plate interface to the earth surface. The Villarrica volcanic center is located above the streak between clusters A and B. It is self-evident to assume that this seismicity streak is caused by a reactivation of the incoming VFZ at depth.
[23] This idea can be tested by an analysis of focal mechanisms. A reactivated VFZ should show mainly strikeslip movement, whereas the general trend of movement along the plate interface is of thrust-type. Therefore, we determined fault plane solutions from first motion polarities and amplitude ratios between P-and S-phases observed on the vertical component. The computations were performed with the module FOCMEC of the SEISAN package [Havskov and Ottemöller, 1999] . The 13 most reliable resulting focal plane solutions are shown in Figure 8 . Each of them is based on readings from at least 32 stations, does not show any polarity errors in its quadrants and has a well-defined orientation of the fault planes. It turned out that 85% (11/13) of these solutions have a nodal plane striking close to N70 E ("close to" meaning AE30 ), which corresponds to the strike direction of the VFZ.
[24] Magma and fluid related processes are often associated with the occurrence of seismic swarms. In order to investigate the temporal behavior of cluster A we plotted the date versus the latitude for events with a hypocentral depth between 80 km and 110 km (Figure 8, bottom left) . The increased seismicity between 39.3 S and 39.8 S does not show any obvious temporal variation over the observation period. There are two small time gaps in May and late June to early July which are caused by stations failure in winter time. Therefore, it seems that cluster A is a spatial but not a temporal cluster, meaning it is not a seismicity swarm.
[25] The spatial clustering between 80 km and 110 km depth is further illustrated in Figure 8 (bottom right) by histograms showing the number of events observed at three depth levels as a function of latitude. The histograms for depths shallower (50-80 km) and greater (110-140 km) than cluster A have a nearly uniform distribution of events whereas cluster A sticks out clearly as a maximum of events at 80-110 km depth between 39.3 S and 39.8 S. Hence, cluster A cannot be regarded as an artifact caused by heterogeneous network sensitivity.
Faulting of the Incoming Plate (Clusters C' and D)
[26] Clusters C′ and D (Figure 9a ) seem to indicate faulting of the incoming plate. Cluster C′ is part of the belt of seismicity observed near the trench (C). Cluster D is located northwest of Mocha Island. The epicenters of cluster D line up parallel to the continental Mocha-Villarrica Fault mapped by Melnick and Echtler [2006] (Figures 1 and 9a) . However, the depths of hypocenters show that the top of the cluster is subparallel to the plate interface and extends some 10 km into the subducting Nazca plate. A similar depth range of hypocenters, with respect to the top of the oceanic plate, is found for cluster C′, too. Regarding the accuracy of the location it has to be considered that the events of these clusters are far outside the network and that we cannot resolve the seismic velocity structure in 3D. Therefore, it is possible that the hypocenters show systematic errors that are difficult to assess and may exceed the errors shown in Figure 4 . The systematic errors would mainly influence the depth of the events. Therefore, we cannot be sure whether cluster D occurs within the subducting slab or in the overriding plate. Still, we see the similarity in the orientation of clusters C′ and D (parallel to the isochrones of the incoming plate) as an indication that cluster D is probably in the subducting Nazca plate.
[27] Because of the limited aperture of our array it was not possible to determine reliable focal plane solutions. However, it appears plausible to relate the cluster seismicity to the bending of the oceanic plate. Both clusters show the same strike directions of $N320 E that is parallel to the age isochrons of the incoming plate derived from magnetic mapping [e.g., .
Offshore Seismicity in the Continental Plate (Clusters E and F)
[28] Offshore the overriding plate is nearly devoid of seismicity. An exception are clusters E and F (Figure 9b ), which occur near the slip maximum of the 1960 Mw9.5 Valdivia earthquake. Cluster E is located near or just above the plate interface at 20 km depths. Cluster F occurs in the crustal forearc and extends almost vertically from the surface down to the plate interface. It extends along a major NW-SE striking continental strike-slip fault that has been mapped onshore and extrapolated offshore in Figure 9b . This fault may be regarded as the cause of the observed seismicity. Due to the limited array aperture reliable focal plane solutions could be determined for neither on the two clusters.
Seismicity of Continental Strike-Slip Faults (Clusters G and H)
[29] Clusters G and H (Figures 9c and 9d) are examples of the seismic activity of the major strike-slip faults leading to a segmentation of the continental plate caused by oblique plate convergence [e.g., Melnick and Echtler, 2006] . We are highlighting this continental fault seismicity here because it has been inferred so far from geological mapping but was not instrumentally verified in the Villarrica section of the overriding plate beforehand. Cluster G is located very close to or on the Mocha-Villarrica Fault zone at a depth of about 35 km near the Moho (Figure 9c ). The absolute location error is of the order of 5 km (Figure 4) . The Moho depth in that area is only poorly constrained due to the lack of deep active seismic measurements. However, tomographic studies [Bohm, 2004; Haberland et al., 2009] , a nearby receiver function profile [Dzierma et al., 2012] and gravity modeling [Alasonati Tasarova, 2007] suggest a shallow eastward dipping Moho at 30 km to 35 km depth. Cluster H has a north-south alignment (Figure 9d) . Epicenters plot at ca. 5 km distance parallel to the Liquiñe-Ofqui Fault Zone. However, since the absolute location error is of the order of 10 km (Figure 4 ) the earthquakes may have occurred directly on the LOFZ as well. The events are arranged almost vertically on a N-S extending fault plane (Figure 9d, right) . Considering the location accuracy of $10 km, the center of cluster H is probably located directly beneath the Puyehue-Cordón Caulle volcanic center. Puyehue volcano erupted in June 2011, ca. 2 years after cluster H was active.
Discussion
Significance of the Valdivia Fault Zone as a Lateral Seismic Discontinuity
[30] The major observations of our study circle around the subducted part of the Valdivia Fault Zone system, a geological unit of continental dimensions. It represents a $2300 km long and up to $80 km wide system of subparallel transform faults along which the oceanic lithosphere was segmentally sheared with a cumulative displacement of $600 km [e.g., . However, according to the NUVEL-1 model of global plate tectonic motion the fault is considered to be passive today [e.g., DeMets et al., 2010] . The Mocha Fault Zone can be regarded as the northern side branch of this fault system. The fault line labeled VFZ in the figures of the present article is actually the southern boundary of the fault system. Near the trench, where it enters our investigation area, it forms a singular bathymetric anomaly (see bathymetry, e.g., in Contreras-Reyes et al. [2010] ). We are not aware of seismic studies revealing the crustal and upper mantle structure across the Valdivia Fault Zone system. However, it has been known since the 1980s that oceanic transform faults are sites where the oceanic crust is fractured, thinned and hydrated, underlain by serpentinized upper mantle [e.g., White et al., 1984] . Therefore, it seems to be justified to assume that the incoming VFZ represents a site of elevated serpentinization. As such it can be expected that it differs from its surrounding rock units rheologically as well as in terms of seismic velocity. Early as well as recent seismic investigations have shown that ≥15% seismic velocity reduction, corresponding to ≥20% serpentinization, can easily be expected in fractured oceanic lithosphere [e.g., White et al., 1984; Calvert and Potts, 1985; Ivandic et al., 2010; Dinc et al. 2011] . [32] The fact that we observe nearly no seismicity on the plate interface of the seismogenic zone in the region of the 1960 slip may mean that either the plates are locked or aseismic slip occurs at this time. This interpretation agrees with recent GPS measurements by Moreno et al. [2011] . They observe complete locking (100%) in the central part of the 1960 rupture zone, but incomplete locking (25 to 60%) in the triangle formed by the VFZ and MFZ. This incomplete locking indicates increased aseismic slip. The underlying GPS velocities show a corresponding $50% decrease between VFZ and MFZ. From the observed seismicity, it appears that these two fracture zones significantly influence the activity and state of interplate coupling along this part of the trench.
State of Interplate Locking in the Region
[33] The Mocha Fracture Zone (MFZ) impinges on the trench opposite the Mocha-Villarrica Fault Zone (MVFZ), a side branch of which exhibits particularly high seismicity at depths down to 40 km (cluster D). Although the depth localization of the offshore seismicity may suffer from tradeoff effects, being outside the network, seismicity along this fault was observed at similar depths by Haberland et al. [2006] , whose network covered the area between 37 and 39 S. The spatial coincidence of major faults in the overriding and downgoing plates, together with corresponding rheological alteration, may be the reason why both the 1960 earthquake and the 2010 Maule earthquake rupture stalled close to this feature [Delouis et al., 2010; also compare Sparkes et al., 2010] .
[34] Between the MFZ and VFZ, nearly no seismic activity is observed on the plate interface where the 1960 slip occurred. Only the shallow seismicity of cluster E may be related to the plate interface whereas cluster F locates above the seismogenic zone. It may indicate ongoing relaxation in the overriding plate above the 1960 slip maximum, which may accommodate for the past coseismic displacement.
[35] The two patches of largest coseismic slip are divided by a local minimum along the projection of the VFZ. Assuming that incomplete plate locking were characteristic along the VFZ, the amount of accumulated strain before the 1960 earthquake would have been smaller along the VFZ trace than in the adjacent segments, leading to a locally reduced coseismic displacement.
Seismicity and Dehydration Reactions Along the Valdivia Fracture Zone
[36] The interpretation that the VFZ, passive offshore, is reactivated after subduction at a depth of 70 to 130 km is based on the coincidence that the observed seismicity cluster (Figures 7 and 8) lines up with the extrapolated VFZ and that a majority of focal plane solutions indicates strike-slip movement subparallel to this line. The mechanism behind this may be dehydration reactions in the subducting slab that weaken and reactivate the VFZ, causing enhanced seismicity. This is particularly likely since the fluid release will preferentially occur along the weakest pathways and hence favor the VFZ. Furthermore, we propose that the VFZ, as the boundary between oceanic crust created at the East Pacific Rise and the younger and hotter crust from the Chile Rise , represents a strong contrast and major boundary of the incoming oceanic crust across which rheological contrasts may stimulate differential movement. This circumstance may be the reason that the VFZ appears to be much more active at greater depth than the MFZ. But this difference could also be caused by a comparatively weaker hydration of the MFZ, or simply by the observation geometry, in which the MFZ falls outside our network.
[37] Thermal modeling [Syracuse et al., 2010; has shown that the young age and intermediate dip of the slab make the subduction zone of South Central Chile comparable to some extent to the Costa Rican subduction zone, the metamorphic reactions of which were modeled by Peacock et al. [2005] . They predict crust dehydration (transformation to lawsonite-amphibole eclogite) at depths of 60-100 km, which agrees with the depth range of the seismic activity along the VFZ. However, depending on the model assumption and incoming slab and sediment composition, model predictions vary considerably. Rüpke et al. [2002] predict deeper onset of crustal dehydration, below the observed location of the seismic cluster. Within the given uncertainties, their model is useful for a comparison of the dehydration depths from subducted sediments, crust, and serpentinized slab mantle. While the absolute depth of crustal dehydration may not be accurately known, their study shows that mantle dehydration occurs over a much smaller depth range, after crustal dehydration is nearly complete. Comparing this with the observed intermediate-depth seismicity, we suggest that the increased seismicity along the VFZ corresponds to eclogitization of the crust at 70-100 km depth, followed by mantle deserpentinization observed as a cluster of seismicity some 10-20 km deeper.
[38] The view that the subducted VFZ is a singularly strong source of released slab fluids is further supported by the presence of the Villarrica volcanic center right above the observed seismicity cluster. Villarrica volcano is one of the most active volcanoes of South America [Stern, 2004; Siebert et al., 2010] . Isotope and trace element analysis indicate that the degree of melting and the content of slab released fluids in the melt of Villarrica volcano is at maximum for the Southern Volcanic Zone (H. Wehrmann, personal communication, 2011) . In addition to providing a preferred pathway for released fluids, it appears plausible to assume that the VFZ is more strongly hydrated before subduction due to its intense fracturing and would therefore release a larger amount of fluids. The ascent of partial melt to the Villarrica volcanic center apparently follows weaknesses in the tectonic structure of the overriding plate because the volcanic center is placed at the intersection of the MVFZ and LOFZ. The depth extent of clusters G and H (Figures 9c and  9d) shows that both faults reach down to the Moho and may provide preferred magmatic pathways to the Earth's surface.
Conclusions
[39] We present the first observation of regional smallmagnitude seismicity in the Villarrica region (39 -40 S) by a temporary local network. While statistically consistent with the Chilean National Seismological Service SSN catalog, our results permit us to observe the local seismicity of much smaller magnitudes (>2.0) and image the geometry of the Wadati-Benioff Zone from the Chile Trench down to 200 km.
[40] A gap in interplate seismicity coincides with the plate interface where the 1960 Valdivia earthquake occurred. This suggests that the plate interface in the region of maximum 1960 coseismic slip is either locked or slipping aseismically. Above the interface, two offshore seismicity clusters occur, possibly indicating ongoing stress relaxation above the maximum slip region.
[41] In the Nazca Plate, we find evidence that the subducted extension of the Valdivia Fracture Zone is reactivated beneath the volcanic arc. In particular, a seismicity cluster along the extrapolated trace of the fracture zone is observed between 70 and 100 km depth, which probably indicates weakening and reactivation of the fracture zone by dehydration reactions related to crustal eclogitization. Further dehydration, possibly due to the subducted slab mantle, may go on at greater depths, feeding the Villarrica volcanic complex that shows the highest volcanic activity in South America. The Valdivia Fracture Zone may provide a line of reduced interplate coupling, which correlates with a local minimum in the region of the 1960 slip maximum. A similar weakness may be localized at the intersection of the Mocha Fracture Zone with the trench and the Mocha-Villarrica Fracture Zone, where some seismic activity occurs in the region of overlap between the 1960 and 2010 earthquake slip contours.
[42] In contrast to the findings of Bohm et al. [2002] to the north of our study area (39 S), considerable crustal seismicity of small magnitude (below 3.5) is observed in the overriding plate. Most of this is localized along on-and offshore fault zones or associated with active volcanic complexes, in accordance with the observations of Lange et al. [2007] further south. Puyehue-Cordón Caulle might have passed through a phase of increased activity in February 2009, as observed by a swarm of seismic activity.
